Introduction
The evolutionary response of radiolarians to global environmental perturbations is poorly explored (Racki 1999 ). Yet the fact that polycystine radiolarians secrete siliceous skeletons along with their great diversity, abundance, and long geologic record offers unique opportunities to assess the proximate causes of ancient mass extinction episodes. This is especially evident at the end-Triassic mass extinction when a major extinction of marine calcium-carbonate-secreting organisms occurred (Kiessling et al. 2007 ) and an ocean acidification event was seen as its dominant trigger (Hautmann 2004; Hautmann et al. 2008) . If, as suggested by Hautmann et al. (2008) , radiolarians had very minor extinctions across the Triassic-Jurassic boundary, ocean acidification would be a more plausible extinction mechanism than if extinctions in radiolarians were as severe as in other groups.
That radiolarians suffered considerable extinctions has long been suggested, based on detailed work on sections in British Columbia and Japan (Hori 1992; Carter 1993 Carter , 1994 Carter et al. 1998; Carter & Hori 2005) . However, the statement that nearly 20 genera and over 130 species of radiolarians went extinct (Carter & Hori 2005) needs to be put in context, not only in the context of standing diversity, but also in relation to long-term trajectories of extinction rates. Neither qualitative observations on reductions in test size and architectural complexity (Longridge et al. 2007 ) nor higher estimates on genus extinction (27 according to O'Dogherty et al. 2010) suffice to qualify this statement.
Here we explore a large dataset of Late Permian and Mesozoic radiolarian occurrences to assess the magnitude of the end-Triassic extinction and compare it with extinctions at other stage boundaries. Complete faunal lists from 200 publications have been entered in the Paleobiology Database (http://paleodb.org). The dataset was taxonomically vetted based on De Wever et al. (2001) , O'Dogherty et al. (2009a O'Dogherty et al. ( , 2009b , and personal expertise. Data were downloaded on August 3, 2010. Taxonomic occurrences for which the genus assignment was in any way doubtful were excluded from the down-The hypothesis that ocean acidification was a proximate trigger of the marine endTriassic mass extinction rests on the assumption that taxa that strongly invest in the secretion of calcium-carbonate skeletons were significantly more affected by the crisis than other taxa. An argument against this hypothesis is the great extinction toll of radiolarians that has been reported from work on local sections. Radiolarians have siliceous tests and thus should be less affected by ocean acidification. We compiled taxonomically vetted occurrences of late Permian and Mesozoic radiolarians and analyzed extinction dynamics of radiolarian genera. Although extinction rates were high at the end of the Triassic, there is no evidence for a mass extinction in radiolarians but rather significantly higher background extinction in the Triassic than in the Jurassic. Although the causes for this decline in background extinction levels remain unclear, the lack of a major evolutionary response to the end-Triassic event, gives support for the hypothesis that ocean acidification was involved in the dramatic extinctions of many calcifying taxa.
load. Raw and sampling-standardized biodiversity dynamics were assessed at the level of geologic stages and computed with scripts developed in the R programming environment. Occurrences that could not be assigned precisely to a particular stage were randomly assigned to one if the uncertainty was between two neighboring stages. Otherwise they were excluded from the analysis. The final file comprised 27670 occurrences of 564 radiolarian genera. Because extinction rates (E) were based on exponential decay functions (Foote 2000) , they are not bound by one as are proportional extinction rates:
where N bt is the number of genera crossing both the bottom and top of an interval and N bL is the number of genera crossing the bottom but not the top of an interval.
Results

Raw patterns
Raw data at the genus level suggest that only 12 genera are last recorded in the Rhaetian stage. With 57 surviving genera we achieve an extinction percentage of 17 %, which can hardly be classified as a mass extinction. However, a number of survivors are recorded from only one region (British Columbia) and only in the basal Hettangian (Longridge et al. 2007 ) (Tab. 1). Although the samples containing these survivors show no evidence of reworking, we excluded those samples from all further analyses and treated the short-term survivors as victims. This suggests 20 extinct genera and an extinction percentage of 29 %, which is still not particularly high but could represent a mass extinction if background extinction rates were low. To test this, we need to look at the long-term trajectory of extinction rates. This trajectory calculated for the observed stratigraphic ranges of genera, suggests that extinction rates were higher than typical Jurassic values but in the same range as any Triassic stage boundary except the Norian (Fig. 1 ). Rhaetian extinction rates are considerably lower than Norian rates. Although the much longer duration of the Norian stage may provide more opportunity for extinction, we refrain from normalizing extinction rates by interval duration because it has been shown that extinctions tend to be pulsed at the end of stages rather than uniformly spread through stages (Foote 2005) , such that there is no linear relationship between stage duration and extinction rate. That this also applies to radiolarians is suggested by the absence of a correlation between the duration of stages and extinction rates (Spearman rank-order correlation
The end-Permian mass extinction is high, but not extremely high, owing to the survival of several Permian genera into the earliest Triassic (Takemura et al. 2007 ). Their delayed extinction in southern high paleolatitudes causes the Induan extinction levels to be higher than in most other Triassic stages, except the Norian. The raw data thus suggest that there was no mass extinction of radiolarians across the Triassic-Jurassic boundary. Instead extinction rates were rising through most of the Triassic culminating in the Norian and declining into the Early Jurassic. The Sinemurian and Pliensbachian stages exhibit extinction rates in the same range as the Rhaetian but from the Toarcian onward extinction rates were extremely low.
It is conceivable that extinction toll was modest across the end-Triassic mass extinction but radiolarians responded ecologically by reduced population sizes. If this were the case, we would expect a pronounced La- Table 1 zarus effect in the Hettangian stage (Wignall & Benton 1999) . To test this, we calculated the sampling completeness of genera in each stage by the ratio of sampled genera and sampling opportunities excluding the times of origination and extinction when a taxon has to be sampled. The result suggests that sampling completeness is best in the Late Permian, drops substantially in the Early Triassic, and is remarkably constant from Middle Triassic to the Late Jurassic (Fig. 2) . A slight drop in sampling probability is observed in the Hettangian but this is not significant and much smaller than the drop observed in the Early Triassic. Therefore, a pronounced Lazarus effect cannot be seen in earliest Jurassic radiolarians. Finally, we traced the proportional number of occurrences in radiolarian orders. These may provide additional insights into ecological changes. Because the Entactinaria dominate most Early Triassic assemblages The trends depicted in Figure 3 confirm previous depictions for the Early Triassic and suggest that the earliest Jurassic also saw a transient and minor rise of entactinarians. The level of our analysis cannot detect ecological responses on finer taxonomic levels and shorter time scales that have been reported from Canada and Japan (Carter & Hori 2005) . The moderate increase of entactinarians at the expense of nassellarians is the only indication of an ecological response to the end-Triassic events at this temporal resolution.
Sampling-standardized patterns
The results based on raw data could be biased by heterogeneous sampling. Heterogeneity of sampling may have some biological underpinning (e.g., there are few radiolarian faunas in the Early Triassic) but nevertheless needs to be considered for assessing biodiversity dynamics. We conducted by-list occurrences-weighted subsampling (OW: Alroy et al. 2001 ) to test if the raw extinction trajectories were substantially affected by sampling bias. To maintain a complete time series we combined occurrences in the Induan and Olenekian stages and first chose a small subsampling quota of 150 occurrences. We then raised the subsampling quota to 400 occurrences to be more inclusive on the fate of rare genera. This resulted in a loss of information on the earlier part of the time series but preserved the important Middle Triassic through Jurassic interval. The results confirm that no major extinction of radiolarians can be recognized across the Triassic-Jurassic boundary (Fig. 4) . The early Triassic extinctions seem to have been as profound as the end-Permian mass extinction (Fig. 4A) suggesting that the drop of extinction rates seen in the raw data ( Fig. 1 ) is due to sampling bias. Likewise the disappearance of the Norian extinction spike suggests that this is largely a sampling artifact in the raw data. That the Norian extinctions tend to become higher with an increasing subsampling quota (Fig. 4B) indicates that they dominantly affected genera that were already rare in the Norian. Importantly, both subsampling approaches confirm that the Rhaetian extinctions were the lowest in the Late Triassic and among the lowest in the entire Triassic. These results confirm that there is no evidence for a mass extinction of radiolarians at the end of the Triassic.
Discussion
No mass extinction but a decline in background extinctions
All results indicate that radiolarians did not show pronounced evolutionary or ecological responses to the environmental perturbations that caused the end-Triassic mass extinction. Although extinction rates were cer- museum-fossilrecord.wiley-vch.de tainly higher than the 4.5 % reported by Hautmann et al. (2008) , which were based on Sepkoski's (2002) compendium on stratigraphic ranges of marine genera, they cannot be distinguished from Triassic background extinction levels. Somewhat higher extinction rates would be achieved, if the ranges given by O'Dogherty et al. (2009c O'Dogherty et al. ( , 2010 were taken at face value. However, several genera that are listed as having their last occurrence at the end of the Rhaetian are indeed described from younger intervals (Tab. 1) and some do not appear to be recorded in the Rhaetian. As indicated in the results section, the surviving genera from British Columbia (Tab. 1) were treated as victims in our analysis, because they were considered as short-term survivors from a major perturbation by Longridge et al. (2007) . However, that extinction rates continued to be moderately high until the Pliensbachian suggests that Hettangian extinctions were just within the elevated background rates continuing from the Triassic. Overall, there was a significant decline in background extinction levels from the Triassic (mean ¼ 0.43) into the Jurassic (mean ¼ 0.13; one-tailed Wilcoxon rank sum test based on subsampling of 400 occurrences: W ¼ 55, p ¼ 0.0002). So we may ask why the evolutionary turnover was so much higher in the Triassic than in the Jurassic. As this observation has also been made for marine benthic metazoans (Kiessling et al. 2007 ) there may be an environmental underpinning. Environmental stress has been evoked to explain the commonness of twisted spines in Triassic radiolarians (De Wever et al. 2001 . However, except for the Early Triassic (Galfetti et al. 2007 ) and the Carnian (Simms & Ruffell 1989) there is little direct evidence for unusual environmental and climate change during the Triassic (Preto et al. 2010) . And the Jurassic also saw substantial changes such as the Toarcian anoxic event (Hesselbo et al. 2000) and the Callovian-early Oxfordian cooling episode (Dromart et al. 2003) . None of these events seems to have caused dramatic extinctions of radiolarian genera. Although the Pliensbachian extinction rates (immediately before the Toarcian) were slightly above the later Jurassic background, they are indistinguishable from Sinemurian extinction rates (Fig. 4B) such that the link to the Toarcian anoxia remains unclear.
The higher Triassic extinctions could also be due to the frequency of taxa with high intrinsic turnover rates such as the entactinarians. However, the differences in background rates are maintained when entactinarians are excluded and can also be seen in individual orders such as spumellarians. Therefore, the causes for the higher Triassic background extinctions remain unclear at this point.
Causes of the end-Triassic mass extinction
There is now ample evidence that the giant Central Atlantic Magmatic Province (CAMP) largely erupted in the latest Triassic over a geologically short interval of time (Marzoli et al. 1999 (Marzoli et al. , 2004 Cirilli et al. 2009) . A causal link to the end-Triassic mass extinction has long been proposed but there is still dispute over the proximate trigger of the extinctions. A massive release of CO 2 was certainly associated with the volcanic eruptions, which can be traced by a decrease of stomatal density of fossil leaves (McElwain et al. 1999 ) and carbon-isotopes of paleosoils (Beerling 2002) . Global warming and ocean acidification should have been associated and might have been a trigger of the extinctions (Hautmann 2004; Hautmann et al. 2008; Kiessling & Simpson 2010) . On the other hand, global warming is probably insufficient to explain the relatively large vegetation shifts on land, which led van de Schootbrugge et al. (2009) to suggest that the volcanic release of SO 2 and other pollutants might have played an additional if not outstanding role in the extinctions.
Whereas radiolarians cannot contribute to clarifying the effects of warming and pollutants, they should be less affected by ocean acidification than hypercalcifying taxa. Although experimental evidence on physiological response is lacking, the secretion of radiolarian siliceous shells should be easier under slightly reduced pH than in more alkaline water. The apparent lack of a significant response of radiolarians to the acidification event at the Paleoence/Eocene boundary (Hollis 2006) supports this contention.
Thus if ocean acidification played a major role in the end-Triassic mass extinctions, we would expect strong extinctions among hypercalcifying and physiologically unbuffered organisms and low extinctions of radiolarians. The selectivity among calcifying taxa has already demonstrated to be in accordance with a scenario of ocean acidification (Kiessling & Simpson 2010) and our results provide further support. One may ask why radiolarians responded so strongly to the endPermian mass extinction for which hypercapnia and ocean acidification have also been evoked (Knoll et al. 2007; Payne et al. 2007 ). We propose that CO 2 release may have been devastating for calcifying organisms but shallow-water anoxia (Wignall & Twitchett 1996) were perhaps the dominant trigger of radiolarian extinctions at that time.
Conclusions
Radiolarians did show considerable extinctions across the Triassic-Jurassic boundary. Extinction rates are merely reflecting Triassic to Early Jurassic background rates rather than representing a mass extinction. The often-observed difference between Triassic and postTriassic radiolarian faunas, may largely stem from this difference in background extinction rates. That radiolarians survived the end-Triassic environmental crisis relatively unscathed supports the contention that ocean acidification may have been an important proximate killing mechanism for taxa like corals, coralline sponges, and brachiopods, which invest strongly into the secretion of calcium-carbonate skeletons.
